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ABSTRACT
ANALYZING THE INTERSTELLAR NEUTRAL HE BULK FLOW
PARAMETERS WITH IBEX-LO
by
Trevor W. Leonard
University of New Hampshire, May, 2016

Our Sun is immersed in a local galactic environment which is composed of a warm, dilute, and
partially ionized gas. Due to the Suns motion relative to this environment, the interstellar neutral
(ISN) gas flows through the heliosphere providing the opportunity to perform in-situ observations
of the ISN gas from Earths orbit. The Interstellar Boundary Explorer (IBEX) has observed the ISN
gas flow over the past 7 years from a highly elliptical orbit around the Earth. The first observations
of ISN H, O, and Ne were recorded by IBEX, along with the most detailed observation of ISN He.
Since He is minimally influenced by ionization and charge exchange, the ISN He flow provides
a sample of the pristine interstellar environment. Surprisingly, the analysis of the early IBEX
observations of the ISN He flow in 2009 and 2010 with two separate analysis techniques indicated a
somewhat different ISN He parameter set than the previous neutral gas observations with Ulysses
GAS. One analysis technique employs the Warsaw Test Particle Model (WTPM) to simulate the
ISN atom trajectories numerically from the observer position to the boundary of the heliosphere
at 150 AU with spatial and temporal dependent ionization rates. A computational intensive global
chi-squared minimization of the WTPM to IBEX-Lo observations is performed to characterize
the ISN He flow. The second analysis technique, and the subject of this study, takes advantage
of simplifications possible due to the IBEX viewing geometry of ISN atoms close to perihelion
in their hyperbolic trajectories. The analytical model is based on Liouvilles Theorem with the
xi

assumption that the ISN He distribution is a drifting Maxwellian in the local interstellar medium.
The analytical model is used to make a 3-step approach to determining the ISN He flow vector and
temperature, rather than a global chi-squared minimization. The first step determines the location
of the peak ISN He flux at Earth orbit to fix the relationship between the ISN He flow speed
and the ecliptic longitude flow direction at infinity. The second step observes the ISN He latitude
distribution peak as a function of observer position at Earth orbit to determine the ISN He flow
ecliptic longitude and latitude at infinity. The third step uses the observed ISN He flow latitude
width to determine the ISN He temperature. Each step is performed independently, rather than a
global chi-squared minimization, which helps separate the influence of other particle populations.
Using the first 6 years of IBEX observations along with an improved understanding of secondary
particle populations and varying the IBEX observation strategy, we have refined the derived ISN
He flow parameters. The new parameter set becomes more similar to the past results from the
Ulysses observations but with the added consequence of a much higher temperature: velocity 27.0
+ 1.4(-1.3) km s−1 , longitude 74.5° ± 1.7°, latitude -5.2° ± 0.3°, and temperature 8710 + 540(-740)
K.

xii

Chapter 1
Introduction

1.1. Modeling the Heliosphere and ISN Flow
Our Sun is immersed in a local galactic environment which is composed of a warm, dilute, and
partially ionized gas (Rogerson 1973; McClintock 1976; Adams & Frisch 1977). Due to the Suns
motion relative to this environment, the interstellar neutral (ISN) gas flows through the heliosphere,
providing the opportunity to perform in-situ observations of the ISN gas from within the heliosphere.
Many early reviews have summarized the basic understanding of the heliosphere and its interaction
with the interstellar medium (Axford 1972; Fahr 1974; Holzer 1977; Thomas 1978). Since then,
there has continued to be progress to understand the interaction of the surrounding interstellar
medium with the heliosphere as well as the characteristics of the ISN flow into the inner solar
system with additional modelling studies (Baranov & Malama 1993; Linde et al. 1998; Fahr et al.
2000; Zank & Müller 2003; Alexashov & Izmodenov 2005; Müller et al. 2008; Zank et al. 2009).
Many properties of the heliosphere, including the size, shape, and boundary region behavior are
controlled by local conditions of the interstellar medium and the solar wind. Understanding the
behavior of the heliosphere through the use of the many modelling studies requires knowledge of
the local interstellar medium. Furthermore, knowledge of the ISN gas flow physical properties gives
insight into the past and future galactic environment of the Sun (Frisch et al. 2009). Variations
of the solar activity and the local galactic environment around our Sun can influence the flux of
galactic cosmic rays at the Earth and possibly the terrestrial climate (Scherer et al. 2006).
The ISN He flow provides the opportunity to study the pristine conditions of the interstellar
1

Figure 1-1: A schematic representation of the ISN flow into the heliosphere where the ISN particles flow
through the bow shock, heliopause, and termination shock due to the motion of the Sun relative to the
interstellar material, to be observed by IBEX at 1 AU.

medium surrounding the Sun. The mean free path for charge exchange of He in the local interstellar
medium is on the order of several 1000 AU, while H and O are both around 200 AU. In addition,
the ISN He is not greatly influenced by traveling through the heliospheric boundary, is minimally
depleted by ionization within the heliosphere, and is not affected by solar radiation pressure. Several
reviews of the interaction of the solar wind with the local interstellar medium as well as the filtration
of interstellar atoms through the heliospheric interface include Zank (1999), Müller & Zank (2004),
Izmodenov et al. (2004), and Izmodenov (2007). Figure 1-1 shows a schematic of the ISN He
flow into the heliosphere where the ISN He flows through the bow shock, which may exist if the
interstellar plasma flow is supersonic, to continue through the heliopause, which separates the
interstellar plasma and solar wind plasma, and finally through the termination shock, where the
solar wind decelerates from supersonic to subsonic.

2

Complementary methods to simulate the ISN He flow have been developed for comparison with
the IBEX-Lo observations, including an analytic expansion model described in Lee et al. (2012,
2015), an analytic full integration model by Schwadron et al. (2015), and a test particle simulation
code in Bzowski et al. (2012). The analytical expansion model is based on Liouvilles Theorem,
which states that the phase-space distribution is constant along the particle trajectories. The
ISN He distribution is assumed to be a drifting Maxwellian in the local interstellar medium. It
takes advantage of simplifications possible for observations of ISN atoms close to perihelion in their
hyperbolic trajectories. The analytic full integration model also uses analytic expressions of the
ISN atom trajectories but makes no simplifications and integrates over the instrument FOV and
observation time. Both of these approaches based on the analytical model follow a similar procedure
described in this dissertation where the ISN He peak flux observation fixes a relationship between
the ISN flow longitude and velocity at infinity (Chapter 4). The full integration model uses the
velocity relationship as a guide for limiting the ISN flow parameter set and reducing computation
time.
The Warsaw Test Particle Model (WTPM) is a computationally intensive approach that computes the ISN atom trajectories numerically from the observer position to the boundary of the
heliosphere at 150 AU. The ISN distribution is also assumed to be a Maxwellian and the exact
spacecraft position is used with integrations over energy, instrument FOV, and time, but also allows for spatial and temporal dependencies of ionization rates and radiation pressure. This approach
has been applied to IBEX (Bzowski et al. 2012, 2015; Kubiak et al. 2014) and Ulysses (Bzowski
et al. 2014) ISN flow observations where the most probable ISN flow parameters are found by
comparing the simulations with the observations, performing a global chi-squared minimization.
Refinements to the WTPM are described in Sokól et al. (2015) and details of the analysis method
are presented in Swaczyna et al. (2015).

3

1.2. Observing the ISN Flow
The ISN He flow has been studied using multiple observation techniques in the inner heliosphere,
starting with backscattering of solar UV (e.g. Weller & Meier 1974; Lallement et al. 2004; Vallerga
et al. 2004), followed by pickup ion analysis (Möbius et al. 1985; Gloeckler & Geiss 1998; Gloeckler
et al. 2004), and finally direct neutral gas imaging with Ulysses GAS (Witte et al. 1996; Witte
2004) and IBEX (Möbius et al. 2009a).
The interstellar He flow velocity can be indirectly observed through Doppler dimming of the
resonantly scattered solar UV radiation (Vallerga et al. 2004). The UV observations have the
largest spatial coverage and the longest temporal record but require the deconvolution of the integral
measurement along the instrument line-of-sight for various different look directions. In addition,
the Suns gravity creates a density enhancement of interstellar neutrals on the downwind side of
the Sun as the ISN flow trajectories are bent around the Sun. This density enhancement, or
gravitational focusing cone, is sensitive to the flow velocity relative to the Sun and the temperature
of the ISN gas. The cone width increases with decreasing flow velocity and the density enhancement
in the center of the cone increases with decreasing ISN gas temperature. The gravitational focusing
cone of interstellar neutral He can be measured through the increased density of He pickup ions
(Möbius et al. 1995; Gloeckler et al. 2004). The greatest variety of particle species can be detected
with the observation of pickup ions but they require detailed knowledge of the ionization and ion
transport effects. The Ulysses GAS instrument provided the first in situ observations of the ISN He
atom flow distribution by detecting the sputtered charged particles from a lithium fluoride coated
surface, and thus provided the most detailed and only direct access to the velocity distribution
of the interstellar neutrals prior to IBEX. The direct detection of the ISN gas requires the fewest
assumptions of these three techniques but is limited to local observations along the spacecraft orbit.
A combination of all three observation methods, UV backscattering, pickup ion, and neutral gas,
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was compiled in Möbius et al. (2004) and resulted in a consistent set of ISN He parameters for
observation campaigns over three years from 1998 through 2000.
Surprisingly, the analysis of the early IBEX observations of the ISN He flow in 2009 and 2010
with two separate analysis techniques indicated a somewhat different ISN He parameter set than
the previous neutral gas observations with Ulysses GAS (Witte 2004). The two separate analysis
techniques included an analytical model (Lee et al. 2012) of the ISN flow used in Möbius et al.
(2012) and a test particle simulation code in Bzowski et al. (2012). The IBEX viewing geometry
causes a coupling between the resulting flow direction, relative speed, and temperature of the ISN
He such that flow latitude, speed, and temperature can be determined as functions of the flow
longitude. This dependency causes a coupling of these values along a narrow tube in this fourdimensional ISN He flow parameter space. Both analysis techniques identified very similar 4D
ISN He parameter tubes with a small discrepancy between them caused by the different particle
tracking distances. Pointing out that the analytical model treated particles from infinity while the
test particle simulation started particles at about 150 AU, this difference was resolved by McComas
et al. (2012) providing the best combined results. This resulting parameter tube included the best
fit Ulysses results, either with a similar temperature at a different ISN flow vector, or a similar flow
vector with a much higher temperature.
McComas et al. (2012) showed that a slightly slower velocity of the Sun relative to the interstellar medium (Möbius et al. 2012; Bzowski et al. 2012) and an increased interstellar magnetic field
strength (Schwadron et al. 2011) results in the formation of a bow wave in front of the heliopause,
rather than a strong shock. The results of the McComas et al. (2012) study stimulated multiple
investigations into the type of interface between the heliosphere and the interstellar medium, including the possibility of a new class of interstellar shocks discussed in Zank et al. (2013), production
of a slow bow shock in Zieger et al. (2013) leading to the possibility that the Voyager spacecrafts
may encounter different interstellar plasma populations, an asymmetric heliopause shape about the
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Sun velocity vector in Fuselier & Cairns (2013), and a study supporting a bow shock in Scherer &
Fichtner (2014).
Recently, the temporal evolution of the interstellar flow over the last forty years was addressed
by Frisch et al. (2013) and Lallement & Bertaux (2014). The study by Frisch et al. (2013) included
results from IBEX observations (Möbius et al. 2012; Bzowski et al. 2012), and thus the debate on
a potential interstellar flow time dependence will benefit from continued IBEX observations and
an improved determination of the ISN flow parameters. Several investigations into the difference
between the Ulysses GAS and IBEX results have emerged involving the reanalysis of past and
previously unanalyzed Ulysses GAS observations (Katushkina et al. 2014; Bzowski et al. 2014;
Wood et al. 2015). In particular, studies (Bzowski et al. 2014; Wood et al. 2015) based on data from
the entire duration of the Ulysses mission, including the last, previously not analyzed observation
season, found an ISN flow vector close to the previous results by Witte (2004) which remained
stable over more than 12 years, but the ISN He temperature was found to be higher than in the
previous Ulysses analysis. A review of the IBEX observations and the resulting coupling of the ISN
parameters along the narrow parameter tube is discussed in Möbius et al. (2015b), reemphasizing
that the IBEX observations lead to a higher temperature than the Ulysses temperature reported
by Witte (2004), when compared for any selected ISN flow vector. A reanalysis of the 2009-2010
years of IBEX observations along with the inclusion of the years 2011-2014 in the study by Leonard
et al. (2015) exposed a dependency of the ISN flow vector on the spacecraft orientation in the
current model and further reduced contamination from other particle populations resulting in a
flow vector similar to the Ulysses analysis but at a much higher temperature. The Leonard et al.
(2015) study is described in the Chapter 5 of this dissertation. Finally, McComas et al. (2015)
combined the results of the Leonard et al. (2015) study with the various reanalyses of GAS data
and new analyses using the Warsaw Test Particle Model (WTPM) for the 2013 and 2014 data to
propose the current best combined parameters of the ISN He flow, which are included in Table 5.2.

6

Figure 1-2: Schematic representation of the 3-step method to determining the ISN He flow parameters
(adapted from Möbius et al. 2015a). Step 1 is represented by the upper right quadrant where the location
of the peak ISN He flux at Earth orbit is determined. Steps 2 and 3 are shown on the bottom where the
peak location as a function of observer longitude is found in step 2 and the distribution width is used in step
3 for the temperature determination.

1.3. 3-Step ISN Flow Analysis Method
This dissertation will describe a 3-step approach to determining the ISN He flow vector and
temperature using the first six years of IBEX observations, shown in Figure 1-2. The 3-step
approach was used in the study Möbius et al. (2012) and this dissertation will build on the
previous work with improvements based on an increased understanding of the IBEX observations
along with including more observations in the analysis. Chapter 2 will describe the IBEX mission
and instrumentation with a concentration on the IBEX-Lo sensor. Chapter 3 will describe the
selection process for the IBEX-Lo observations used in this study. The unique observation geometry
of IBEX provides observations of the ISN He flow near the perihelion of the particle trajectories
and allows the application of an analytical model (Lee et al. 2012). In step 1 of the 3-step method
7

(Chapter 4), the location of the peak ISN He flux at Earth orbit is used to fix the relationship
between the ISN He flow speed and the ecliptic longitude flow direction outside of the heliosphere.
The top right quadrant of Figure 1-2 displays the Gaussian like shape of the observed ISN flux as
a function of observer position (λObs ) and location of the peak flux (λP eak ). Step 2 (Chapter 5)
uses the Lee et al. (2012) analytical model to duplicate the observed ISN He peak latitude as a
function of observer longitude by adjusting the flow longitude and latitude at infinity. The bottom
right quadrant of Figure 1-2 displays the ISN flow latitude distribution as a function of observer
position where the IBEX scans across a narrow strip of the latitude during each orbit. Scans across
the latitude distribution are shown in the bottom left quadrant and the peak latitude (Ψ0 ) is found
for each observer position. In step 2, the degeneracy of step 1 is broken by the selection of the most
probable flow longitude at infinity and thus fixing the flow velocity. Step 3 (Chapter 6) uses the
observed width (σΨ0 ) of the ISN He flow latitude distribution, bottom left quadrant of Figure 1-2,
to determine the Mach number of the flow, which leads to the flow temperature when combined
with the flow speed.

8

Chapter 2
IBEX Mission and Instrumentation
The IBEX mission (McComas et al. 2009b) was designed to observe heliospheric and interstellar
energetic neutral atoms (ENAs) from a highly elliptical orbit around the Earth with minimal
interference from magnetosphere related background. IBEX was launched into space on board the
Pegasus launch vehicle on October 19th 2008 and maneuvered into an orbit around Earth with an
orbital period of about 7.5 days along with an initial perigee and apogee of about 2 RE and 50
RE , respectively (McComas et al. 2009a). In June 2011, IBEX was maneuvered into a more stable
lunar resonance orbit, raising the perigee to about 8 RE and increasing the orbital period to about
9.1 days (McComas et al. 2011). IBEX uses a spinning spacecraft and performs regular pointing
maneuvers to align the spin axis with the Earth-Sun line at the beginning of each orbit or, after the
June 2011 orbit change, at about apogee and perigee of each orbit. A schematic of the IBEX orbit
around Earth for various times of the year, as Earth orbits around the Sun, is shown in Figure 2-1,
along with the spin axis pointed at the Sun and a representation of the Earths magnetosphere. The
ISN flow approaches from the right side of this figure and the approximate position of IBEX during
the ISN flow observation season is the lower left position, where the Earths motion opposes the ISN
flow and IBEX makes observations before the ISN flow travels through the magnetosphere. The
viewing geometry provides IBEX-Lo observations near the perihelion of the interstellar trajectories
and allows for an analytical approach to modeling the interstellar gas flow described in Lee et al.
(2012).
The IBEX payload consists of two single pixel cameras to observe ENAs, IBEX-Lo (Fuselier et
al. 2009b) and IBEX-Hi (Funsten et al. 2009), both pointing perpendicular to the spin axis, with
9

Figure 2-1: The IBEX orbit around Earth during different times of the year. The Earth orbit about the
Sun is shown with a schematic representation of the Earths magnetosphere as the blue shaded region. The
elliptical orbit of IBEX is shown for various times of the year with the spin axis aligned to the Sun and
the FOV perpendicular to the spin axis. The ISN flow approaches from the right side of this figure and the
approximate position of IBEX during the ISN flow observations is in the lower left position where the Earth
rams into the ISN flow and IBEX makes observations outside of the magnetosphere.

the FOV shown in Figure 2-1. A small star sensor is co-aligned with IBEX-Lo sensor boresight
to verify the pointing determined by the IBEX Star Tracker. The look-direction of the IBEX-Lo
collimator boresight relative to star positions has been demonstrated with star sensor observations
to be better than 0.1° by Hlond et al. (2012). A photograph of the IBEX spacecraft is displayed in
Figure 2-2, with the entrance to the IBEX-Lo instrument visible on the right side of the photo and
the star sensor barely visible below and to the right of the IBEX-Lo entrance. IBEX-Lo observes
the low-energy ENA spectrum in the range 10-2000 eV with eight logarithmically spaced energy
steps over a 7° FWHM field of view (FOV). The IBEX-Lo FOV is restricted by a physical collimator
consisting of hexagonal grids (Figure 2-3) which can influence the observations and this is discussed
in the Appendix B.
10

Figure 2-2: The IBEX spacecraft. This view shows the IBEX-Lo instrument on the right side with the
solar panel array on the top. The entire spacecraft is about the size of a bus tire, or about 1 m across and
0.5 m tall, with a wet mass of 104.9 kg.

After entering the instrument, the ENAs reflect off a diamond-like carbon conversion surface
(Figure 2-3) where a small fraction is converted to negative ions along with the production of
sputtered ions. He neutral atoms do not produce stable negative ions and instead are detected
through sputtered negative ions (H, C, and O) from the conversion surface (Möbius et al. 2009b;
2009a; 2012). The response of the IBEX-Lo sensor to incoming He neutral atoms was calibrated
for multiple energies such that the observed ratios of H, C, and O can be used to identify the He
neutrals.
A toroidal electrostatic analyzer (ESA), similar shape as a bundt baking pan, filters the negative
ions by energy/charge according to the energy steps, a radial cut through the IBEX-Lo sensor is
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shown in Figure 2-3. The original energy of the neutral He atom cannot be determined using the
ESA due to the broad energy spectrum of sputtered negative ions produced by neutral He, which
starts below the incoming energy and extends down to very low energies (Möbius et al. 2012).
The upper energy cutoff of the sputtered ion distribution can only be used to separate He and Ne
observations. Furthermore, the ESA energy resolution (∆E/E = 0.7) is not adequate for this study
of the ISN flow velocity, including particle species converted directly to negative ions (H and O).

Figure 2-3: A schematic of a radial cut through the IBEX-Lo sensor where the central axis is indicated
as the bottom of the schematic and the sensor is symmetric about this axis (adapted from Möbius et al.
2009b). The sensor FOV is limited by a physical collimator at the top left of the figure and neutral atoms that
successfully travel through the collimator (black trajectory) are converted to negative ions (blue trajectory)
at the conversion surface. The negative ions travel through the toroidal ESA and are accelerated into the
TOF spectrometer. Electrons (red trajectories) are created when the negative ion passes through the carbon
foils to create two start signals and a stop signal is created from the original ion colliding with the MCP,
thus providing three TOFs over the three segments between the foils and the MCP.

Finally, the energy filtered ions are accelerated into a triple coincidence carbon foiled-based
time-of-flight (TOF) ion mass spectrometer, also shown in Figure 2-3 along with the IBEX-Lo
TOF mass spectrometer entrance is shown in Figure 2-4. The high post acceleration increases the
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detection efficiency of the TOF system and allows a high TOF resolution after energy loss in the
entrance foil (Fuselier et al. 2009b). The negative ions knock off secondary electrons when striking
the carbon foils and these electrons are observed as a start TOF signal. A second carbon foil is used
to create a second start signal and the stop signal is produced when the original negative ion strikes
a microchannel plate (MCP). Using the two start signals and the stop signal, the TOF is measured
between the first foil and the MCP (TOF0), the second foil and the MCP (TOF1), and between
the first and second foil (TOF2). A double coincidence event has two TOF measurements and a
triple coincidence event has three TOF measurements. The TOF measurement provides velocity
information for each event and using the fact that the ESA has filtered the ions by energy, the ion
mass, or particle species, is determined.

Figure 2-4: A photograph of the IBEX-Lo TOF mass spectrometer entrance. The inner radius contains the
8 ultra-thin carbon foils, which are transparent and appear slightly grey colored in this photograph. These
8 carbon foils serve as the first foil an ion passes through to create the first start signal electrons. The outer
radius contains vent holes to prevent possible acoustic damage to the foils. The central axis of the radial cut
in Figure 2-3 is the center hole in this photograph.
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For each registered ion, the energy step, TOF, and observation time information are stored with
the condition that triple coincidence events are given the highest priority for storage. Within each
energy step, the events identified as H and O are stored in 6° angular resolution histograms such
that absolute rates can be calculated when the individual event storage limitations are exceeded
by high rate sources, such as the ISN flow. In addition, the number of observed TOF events over
time is also recorded in 60° angular resolution histograms for each energy step.
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Chapter 3
Data Selection
During the IBEX mission multiple sources of uncertainty in the analysis of the ISN flow parameters have been identified and removed from the observations used in this study. Knowledge of
the IBEX-Lo look direction can become unreliable during time periods when the spacecraft attitude control system is adversely affected by light reflected from the Earth or Moon. The angular
information of the ISN flow during these time periods can become inaccurate, thus influencing the
fitting of the ISN flow distribution. Since the ISN flow is not the only source of neutral particles
observable by IBEX-Lo, consideration must be made for avoiding contamination of the ISN flow
observations. Time periods when other neutral particle sources can be observed near the ISN flow
are avoided in order to reduce any influences to the ISN flow distribution. IBEX-Lo also observes
a background of electrons which can occasionally become a significant source of observed events
and impact the data throughput on IBEX. Observed ISN flow events can be lost when the data
throughput on IBEX is overwhelmed by electrons, thus requiring these time periods to be excluded.
A detailed description of these influences to the data selection can be found below.
An accurate determination of the ISN flow parameters relies on the knowledge of the IBEX-Lo
boresight pointing direction. The spacecraft attitude control system (ACS) utilizes the Star Tracker
to determine the spacecraft spin axis pointing and spin phase. Mounted along the boresight of the
neutral gas camera, the IBEX-Lo Star Sensor can provide redundant information of the spin axis
and spin phase (Hlond et al. 2012). The IBEX-Lo pointing has been determined to within ˜0.1°
using either the ACS or the Star Sensor for time periods of simultaneous good observations. The
accuracy of the satellite spin period can be compromised when the Star Tracker is blinded by bright
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light sources, such as the Earth and Moon. During these compromised time periods the ACS will
use the last accepted spin period until an accurate determination of the spin period is performed.
The last accepted spin period is not necessarily accurate over long time periods and can result in a
drift of the IBEX coordinate system in spin phase. Therefore, we use data from time periods when
the Star Tracker, which provides precision pointing information for the routine data processing,
was operating within its specifications for all analyses that require exact pointing knowledge, such
as the evaluation of the ISN flow angular distribution in latitude. When a spin phase drift in
the coordinate system occurs due to the ACS, a correction for the drift can be obtained from
observations of the ISN flow by IBEX-Lo or observations of bright stars by the IBEX-Lo Star
Sensor. Spin phase drift corrected data can be used in the determination of the ISN flow maximum
as a function of ecliptic longitude since this analysis only requires the use of the count rates, which
are obtained over ±3σ of the angular distribution from the latitude peak position and are not
sensitive to small uncertainties in the drift correction.
In addition to the ISN flow and energetic neutral atoms (Möbius et al. 2009a) from the heliospheric boundary (McComas et al. 2009a; Fuselier et al. 2009a), the IBEX-Lo instrument observed
many ENA sources outside the main scope of the mission including, but not limited to, ENAs
produced within the Earths magnetosphere (Fuselier et al. 2010; Petrinec et al. 2011) and ENAs
originating from the Moon (McComas et al., 2009, GRL; Rodrı́guez et al. 2012; Funsten et al.
2013). These observations indicate that such sources represent potential foreground signals for any
heliospheric ENA study and the ISN flow analysis. Therefore, a careful study of the ISN flow
angular distribution must exclude any known sources of potential interference from the observation
times. Using the count rates outside of the angular range of the ISN flow distribution, the high
count rate magnetospheric ENA times can be identified and excluded from the ISN flow observation
times. Observation time periods when the Moon is in the IBEX FOV in the ISN flow direction are
excluded from the ISN flow observation times based on the Star Sensor Moon observation timing
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commands and ephemeris data.
IBEX also observes other ISN flow particle populations that may contaminate observations of
the He population. The H ISN flow is observed later in the year, when compared to the He ISN
flow, and becomes the dominate source of recorded H events from about 180° to 220° observer
ecliptic longitude (Saul et al. 2012; Schwadron et al. 2013). To avoid a significant overlap of the
two distributions, thus contamination of the He ISN flow with the H ISN flow, the observations
are limited to when the observer ecliptic longitude is less than 160°. In the study by Kubiak et al.
(2014), a second population of neutral He, referred to as the Warm Breeze (WB), was found near
the pristine ISN He flow and is the dominate population from about 55° to 95° observer ecliptic
longitude. The Warm Breeze is likely to be the secondary population of ISN He created in the outer
heliosheath and consideration must be made to avoid significant contamination to the observations
of the pristine ISN He flow. A second restriction to the observer longitude is applied such that there
is negligible influence on the He ISN flow from the Warm Breeze by only considering orbits when
the observer longitude is greater than 115°. The observer ecliptic longitude ranges for studying
these three particle populations (H, He, WB) are transformed onto the sky maps shown in Figure
3-1.
IBEX-Lo is also subject to electron background counts which are believed to be solar wind
electrons and can be readily identified and eliminated based on their short TOF values, as discussed
in Möbius et al. (2015b). While this background typically only varies slowly and does not impact
the ISN flow analysis, occasional time periods with excessive electron background count rates tend
to impact the data throughput between the IBEX-Lo sensor and central electronics unit (CEU).
The electron background count rates are monitored by observing the TOF histogram data outside
the angular range of the ISN flow distribution to avoid the ISN flow signal. Time periods containing
high electron background count rates are identified when the stable base count rate outside the ISN
flow is exceeded by more than a factor of 1.6, thus safely above any stochastic fluctuations of the
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Figure 3-1: Mollweide projection maps of the H count rates observed by IBEX-Lo (adapted from Mbius et
al. 2012). The top panel shows a mixture of the directly converted ISN H at an incoming energy 16 eV and
sputtered H from ISN He and the Warm Breeze. The bottom panel shows sputtered H from ISN He in energy
step 4, centered at 110 eV. The ISN H trajectory is significantly different than He due to solar radiation
pressure opposing the Suns gravity and thus appears to arrive from the nose direction of the heliosphere, or
observed later in the year when compared to ISN He. The shaded regions represent the observations used
for studying the H, He, and WB populations such that contamination between populations is minimized.
The observation of the ISN He flux maximum in orbit 64 is indicated by the white vertical stripe.

base count rate, but low enough to indicate a significant electron rate increase. We have included a
distributed background as one of the free parameters in the Maximum Likelihood fitting of the ISN
distribution and found that on average the ISN distribution peak is over 450 times greater than
the background, with a minimum of 125 times greater than the background.
An example of a background event adversely affecting the ISN flow observations can be seen
in Figure 3-2, which shows IBEX-Lo observations from orbit 108. From top to bottom, the plot
panels show the three TOFs (TOF2, TOF1, TOF0), H histogram, and H direct event rates with
spin number on the x-axis, such that the start of orbit 108 is at spin number 0. All six 60° sectors
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are shown for the TOF rates and the three 6° sectors centered on the ISN flow are shown for the
H histogram and direct event rates. Since the ISN flow is observed within the 57-117° TOF sector,
there is a noticeable higher count rate within this sector for all TOFs. Around spin number 20000
there is a sharp increase in the TOF rates which coincides with a decrease in the number of H
events recorded in the onboard histogram and direct events. This time period of abnormally high
TOF rates would be removed from the ISN flow observation times because it has overwhelmed the
data throughput and caused valid ISN flow events to be lost.

Figure 3-2: Orbit 108 IBEX-Lo energy step 2 observations of the three double coincidence TOF rates for
each of the 60° angular bins, the onboard H histogram rates, and the H direct event rates for the three 6°
angular bins containing the peak of the ISN flow distribution. At approximately spin number 20000, an
event overwhelms the instrument resulting in decreased histogram and direct event rates.
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This data selection routine follows similar criteria as described in Möbius et al. (2012) but with
a more restricted observation ecliptic longitude range to avoid contamination from the secondary
He and ISN H populations. A more detailed description of the instrumental effects that are taken
into consideration can be found in the appendix. In summary, the observation times excluded based
on the above discussion include:

1. The ACS is adversely affected by bright light sources which blind the Star Tracker. This
affects the determination of the ISN flow peak location and width in latitude.
2. IBEX is near the magnetosphere and IBEX-Lo observes high count rates of magnetospheric
ENAs and ions.
3. The Moon is in the IBEX FOV, which can create a foreground signal of ENAs originating
from the Moon.
4. IBEX-Lo observes a significant contribution from the Warm Breeze or the ISN H flow, when
the observer ecliptic longitude is below 115° or above 160°, respectively.
5. The electron rates for IBEX-Lo are high, which can adversely impact the data throughput
and cause valid ISN events to be lost.
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Chapter 4
ISN Flow Analysis Step 1: ISN He Flow Flux Peak
Determination

As the Earth orbits around the Sun during the winter/spring, IBEX-Lo gradually scans through
the ISN He flow. Over a range of about 20° ecliptic longitude, IBEX-Lo observes an increase in
count rate by an order of magnitude followed by a nearly symmetric decrease over the next 20°,
which is shown in the IBEX-Lo maps in Figure 3-1. The count rate evolution from orbit to orbit can
be used to determine the location of the ISN He flow maximum in ecliptic longitude. The unique
observation geometry of IBEX allows for a three-step approach to parameterizing the ISN He flow.
The first step fixes the relationship between the ISN He flow speed and the ecliptic longitude flow
direction outside of the heliosphere by determining the location of peak ISN He flux at 1 AU.
The true anomaly of the ISN He hyperbolic orbit, θ∞ , can be found from the ISN He bulk flow
longitude at Earth orbit, λObs , which is determined by the observed ISN flow maximum. They are
related to the ecliptic longitude flow direction at infinity, λISN ∞ , as shown in Figure 4-1 and below
in Equation (4.1).

θ∞ = λISN ∞ + 180◦ − λObs

(4.1)

Determining the ISN He bulk flow longitude at Earth orbit fixes the relation between the ecliptic
longitude flow direction at infinity and the velocity at infinity, v∞ , which is expressed in Equation
(4.2) where rE is the distance from the Sun to the Earth and MS is the Suns mass. This relation
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is exact for a flow aligned with the ecliptic plane. Since the ISN flow angle out of the ecliptic plane
is small, about 5°, the influence of this angle on the ISN flow speed is negligible. Furthermore, in
this relation the ISN bulk flow represents a peak in phase space density while IBEX-Lo, being a
particle sensor, observes flux, which is dependent on particle velocity and ionization.

−

2
rE v∞
1
=1+
cosθ∞
GMS

(4.2)

Figure 4-1: Schematic view of the ecliptic plane with the ISN He bulk flow trajectories within the heliosphere
and the IBEX observation position at Earths orbit around the Sun (adapted from Möbius et al. 2012). IBEX
observes the ISN He bulk flow as the Earths motion opposes the flow direction in the winter/spring at about
orbit 16 in the 2009 observation season. The ISN He trajectories are bent by the Suns gravity and become
focused on the downwind side of the Sun, forming the gravitational focusing cone. Also shown is the ecliptic
longitude of the ISN flow direction at infinity (λISN ∞ ), observer location when the flow maximum is observed
(λP eak ), and the angle swept out from infinity by the ISN bulk flow trajectory to the observer (θ∞ ).

The count rate can also vary substantially over each orbit while the S/C spin axis is fixed in
the inertial frame and the observer position, at Earth orbit, progresses as the Earth orbits the Sun,
shown in Figure 4-2 (Möbius et al. 2012). A compilation of the count rate observations throughout
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all the orbits during an ISN flow season requires a standardized viewing geometry such that the
S/C spin axis pointing doesnt influence this analysis. The position at which the S/C spin axis
points exactly at the Sun in ecliptic longitude during each orbit provides viewing of the ISN atoms
near the perihelion of their trajectories. When the count rate at sun pointing is not observed, the
rate can still be inferred from fitting the count rate evolution over the orbit.
The count rate of the ISN He flow is found by integrating over the latitudinal distribution
between ±3σ of the peak location. The peak location and σ width are found from fitting the
latitudinal distribution with a Gaussian function using the Maximum Likelihood method, described
in Appendix B. The Maximum Likelihood fit also contains a constant background fit parameter,
which is used to subtract the small contribution from the heliospheric ENAs or other remaining
potential small backgrounds. Since the count rate is calculated from integrating over a large ±3σ
angular range, this analysis is not sensitive to the majority of the time periods when the ACS is
compromised by bright light sources.
Figure 4-2 shows the count rate evolution over orbits 63 and 65 where the IBEX-Lo viewing is
approaching the maximum of the ISN He flow in orbit 63, the maximum is observed in orbit 64,
and moving away from the maximum in orbit 65. The blue data points represent the count rate
without the heliospheric background while also accounting for the S/C velocity perpendicular to
the ISN He flow direction. The S/C velocity can become large enough to introduce a noticeable
aberration to the observations, so the observations are transformed to the Earth reference frame,
which is described in Appendix C. A least-squares fit line to the count rates is shown with the red
curve and the inferred sun pointing count rate is represented by the red square. The error bars
represent the statistical uncertainty in the count rate observations and the fit uncertainty for the
sun pointing count rate.
As mentioned above, this analysis must also account for the ionization loss of the observed ISN
flow at 1 AU by solar EUV, charge exchange with the solar wind, and electron impact ionization
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Figure 4-2: Two examples of the count rate evolution during an orbit (adapted from Möbius et al. 2012).
The blue data points represent the observed count rate evolution of the ISN He flow in energy step 2 during
orbits 63 and 65, with the red square and line representing the extrapolation to exact sun pointing. The
x-axis represents the longitude angle from the position where exact sun pointing of the S/C spin axis is
achieved, including the aberration caused by the S/C velocity perpendicular to the ISN flow velocity.

(e.g., McMullin et al. 2004). The reduction in flux due to ionization losses increases with the angle,
θ∞ , swept out from infinity to the observer at 1 AU. As a consequence, fluxes observed during
orbits closer to the focusing cone are systematically more reduced compared to those closer to the
ISN inflow direction. This bias leads to a shift of the observed flux maximum to larger longitudes
when compared to the maximum of the ISN phase space density. The ionization can be described
as

R(λObs ) = R0 (λObs ) · e

−

vISN (1AU)
θ∞
rE vIon

(4.3)

where R0 is the expected neutral atom rate without extinction due to ionization before entering
IBEX-Lo, R is the actual observed rate at λObs , which is related to θ∞ for each of these locations
according to Equation (4.1), and vion is the ionization rate for He at 1 AU. To adequately describe
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the ionization effect, we use the total ionization rate averaged over the preceding six months.
Photoionization is the largest ionization process for He and decreases with solar distance by 1/r2 .
Electron-impact ionization, the ionization of neutral He with solar wind electrons, is about an order
of magnitude less than photoionization and has a much faster drop off with solar distance due to
rapid cooling of solar wind electrons. Ionization is most important during the final portion of the
ISN trajectory when the ISN flow velocity is about 50 km s−1 at 1 AU, thus averaging the ionization
over the preceding six months incorporates the ionization behavior during the last 3-5 AU of the
ISN trajectories. Bzowski et al. (2012) describe how the ionization rates have been obtained.

Figure 4-3: ISN He flow count rates at exact Sun pointing for each orbit in 2009-2011 and orbit-arc in 2013
as a function of ecliptic longitude of IBEX, corrected for ionization along the ISN atom trajectories and for
the observation of differential flux vs. distribution function (see text). Also shown are the least-squares fit
of the data points to a Gaussian function.

In addition, it is important to note that IBEX-Lo observes differential fluxes of the ISN flow
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at 1 AU, while the location of the maximum of the distribution function of the ISN flow marks
the actual bulk velocity of the gas. In each orbit, IBEX-Lo samples a different portion of the ISN
flow distribution, with slower speeds sampled during earlier orbits, closer to the focusing cone,
and faster speeds sampled during later orbits. Rates scale with the observed speeds relative to
the phase-space distribution, and thus observed rates are increased according to the faster speeds
during later orbits after passing the flow maximum compared with earlier orbits. This bias also
leads to an apparent shift of the maximum in the observations to larger longitudes. The observed
rates are corrected using the difference between differential flux and phase-space density, which
scales as V (1AU)3 because, for sputtered ions, the IBEX-Lo sensor already integrates over the
entire distribution in velocity space (Lee et al. 2012).

Figure 4-4: ISN He flow count rates at exact Sun pointing for all four years, 2009-2011 and 2013, as a
function of ecliptic longitude of IBEX, corrected for ionization along the ISN atom trajectories and for the
observation of differential flux vs. distribution function (see text). The count rates have been normalized
and a least-squares fit to a Gaussian function was performed.

Figure 4-3 shows the rates corrected for ionization and for the speed bias discussed above as
a function of observer ecliptic longitude at Sun pointing for each IBEX orbit in 2009, 2010, 2011,
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and 2013. Fitting the resulting data points with a Gaussian function in ecliptic longitude gives the
position of the ISN He flow peak for each year and the total combination in Table 4.1. The count
rate data points are normalized for the total comparison plot of all four years in Figure 4-4. As
expected, the statistical fit uncertainty decreases as more observations are included in the fit.
Year
2009
2010
2011
2013
2009-2011, 2013

Peak Longitude (°)
131.18
131.09
131.04
130.24
130.57

Statistical Fit Uncertainty (°)
0.10
0.16
0.15
0.12
0.06

Table 4.1: ISN He bulk flow fit results

This analysis yields the location in ecliptic longitude in Earths orbit where the trajectories of
the interstellar He bulk flow reach their perihelion. Accidentally, the peak ISN flow is observed
close to perihelion of the Earth where the Earth is about 0.98 AU away from the Sun compared
to the average 1 AU. To account for the slightly enhanced acceleration of the ISN flow and the
increased speed of the Earth, we use the actual distance of the Earth from the Sun in our analysis
rather than the average distance.
The determination of the ISN He bulk flow longitude at Earth orbit fixes the relation between
the ecliptic longitude flow direction at infinity and the velocity at infinity, as seen in the combination
of Equations (4.1) and (4.2). Figure 4-5 shows the resulting curve from this relationship based on
the observed ISN flow maximum over the years 2009-2011 and 2013. Choosing an ISN He inflow
longitude now fixes the ISN He flow velocity with an uncertainty carried over from the bulk flow
longitude determination. Also shown in Figure 4-5 is the ISN He inflow longitude at infinity
from Leonard et al. (2015) at 74.5° with the bounding range of the plot representing the 1.7° fit
uncertainty. The next section describes the process of step two in which the ISN inflow longitude
at infinity is found.
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Figure 4-5: The relationship between ISN He flow speed at infinity and the inflow longitude at infinity using
the peak flux longitude from the fit to all four years of data is shown as the dotted red line. The uncertainty
of the peak flux longitude results in the two blue lines and the ISN He inflow longitude at infinity from
Leonard et al. (2015) is the vertical black line.
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Chapter 5
ISN Flow Analysis Step 2: ISN He Latitude
Distribution Peak Analysis

The second step in the three-step approach to parameterizing the ISN He flow uses the observed
peak location of the ISN He flow latitude distribution at 1 AU as a function of observer ecliptic
longitude to determine the ISN He flow longitude and latitude at infinity. Similar to the procedure
described in step 1, the ISN He flux peak determination, as the observer position changes with the
Earth orbiting around the Sun, IBEX-Lo gradually scans through the ISN He flow. The observed
ISN He flow angular distribution evolves as the observer ecliptic longitude position changes. The
analytical model by Lee et al. (2012) provides the relationship between the observed peak latitude
location of the ISN He flow angular distribution at 1 AU and the observer ecliptic longitude,
given the input parameters: peak phase space density determined in step 1 and the ISN He flow
longitude (λ∞ ) and latitude (β∞ ) at infinity. A chi-squared minimization is performed to reproduce
the IBEX-Lo observations with the analytical model, adjusting λ∞ and β∞ . In this comparison,
the variation of the ISN flow peak latitude as a function of ecliptic longitude is the observable that
is most sensitive to the flow direction in the analytical model. In addition, the peak location is only
minimally sensitive to the width or any wings of the distribution. The comparison of this model
with the IBEX-Lo observations as well as an evaluation of the model limitations is described in
this section to obtain the ISN He flow longitude and latitude at infinity (as described in Leonard
et al. 2015).
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5.1. Modeling the ISN He Flow Latitude Peak
The analytical model is based on Liouvilles Theorem with the assumption that the ISN He
distribution is a drifting Maxwellian in the local interstellar medium. Liouvilles Theorem states
that the phase-space distribution is constant along the particle trajectories, this case from outside
the heliosphere at infinity to the observer position at 1 AU. The implementation of this model for
the flow distribution peak latitude as a function of longitude involves very few approximations. The
latitude of maximum flow intensity in the solar reference frame during the winter/spring (when the
collision between the ISN flow and IBEX is head-on) is represented by Ψ0 , where

Ψ0 = −β̄

(5.1)

and

tanβ̄ =

tanβ∞
sin(λ∞ + 1800 − λ)

(5.2)

with λ as the observer ecliptic longitude. For particles at perihelion, the Galilean transformation
0

to the frame of reference of Earths orbital motion yields the latitude of maximum intensity (Ψ0 ) as

0

Ψ0 =

(v02

v0 sinΨ0
+ 2v0 cosΨ0 + 1)1/2

(5.3)

where v0 is the atom speed in the frame of the Sun where peak intensity is achieved (see
Equation (41) in Lee et al. (2012)) normalized to the average orbital speed of the Earth. Still,
during each orbit the observed peak latitude changes with the spacecraft position and spin axis
pointing as the IBEX-Lo FoV deviates from pointing directly at the ISN He perihelion trajectories.
The main challenge for this study was the extension of the analytical model to comparisons including
observations not exactly at perihelion.
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Section 6 of Lee et al. (2012) discusses how deviations from the perihelion of the ISN He
trajectories during an orbit due to spacecraft spin axis tilt can be incorporated in the analytical
model. Following Lee et al. (2012), we use Z as the spin axis tilt angle out of the ecliptic plane and
E as the tilt away from the Earth-Sun line, exact Sun pointing, within the ecliptic plane. Keeping
the spin axis orientation fixed after the regular pointing maneuvers causes the IBEX-Lo viewing
direction to drift across the perihelion of the ISN He trajectories. Based on the known spacecraft
0

orientation we can calculate a change in Ψ0 as a function of λ

0

δΨ0 =

v02

1 
0
Z cosΨ0
2
1/2
(v0 − 2) (v0 + 1) sin(λ)
  −1 
0
+ E sinΨ0
sin(λ − λ∞ − 180◦ )
v02 − 1
#
"
)
v0 (v02 − 2)1/2
+
cos(λ − λ∞ − 180◦ )
v02 − 1
0

(5.4)

0

and notice that the E term is small because both E and Ψ0 are small. The change in Ψ0 is a
fairly flat function over each orbit.
To determine the peak latitude at the perihelion of the interstellar trajectories the observations
within an orbit are divided into five equal accumulation times, restricted to good ISN flow observation times (described in the above Data Selection section). For each accumulation time we use a
Maximum Likelihood Method to fit the angular distribution with a Gaussian function convoluted
by the IBEX-Lo collimator function. Möbius et al. (2012) used a least-squares fit of the observations to determine the perihelion peak latitude for each orbit, i.e. when E = 0°. As a substantial
improvement, this study determines the perihelion peak location by using the dependence of the
peak latitude on the observer longitude obtained from the analytical model with a second order
perturbation expansion for the small spin-axis orientation away from exact Sun-pointing, as shown
in Equation (5.4). For each orbit, we use the previously determined ISN flow parameter set in
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Möbius et al. (2012) as input to the analytical model and perform a chi-squared minimization
0

0

to the observations by adjusting the absolute analytical model curve, Ψ0 + δΨ0 , thus obtaining
the perihelion peak location. An adjustment to the analytical model curve of each orbit, which is
0

0

represented by adding another small constant to Ψ0 + δΨ0 , is required since we are starting from
non-ideal initial conditions. However, once the initial conditions are optimized, the adjustment is
reevaluated. We found only small adjustments of the peak location from the initial model location in this fitting. The correction for the spacecraft velocity relative to the Earth is described in
Möbius et al. (2012). Similar to Möbius et al. (2012), each orbit fit now provides an ISN flow
distribution peak location at the perihelion of the interstellar atom trajectories, i.e. when E = 0°.
0

Using Equation (5.4) for δΨ0 we normalized the perihelion peak locations to an average Z of each
data set and performed a chi-squared minimization, varying the λ∞ and β∞ input parameters in
the analytical model.
In an attempt to optimize the sensitivity of the IBEX observations and analysis to the ISN
parameters, the IBEX operations team pointed the spin axis to an average of Z = 0°, in the
ecliptic plane, during the 2012 and 2013 seasons, and the Z target was set to 5.0° for the 2014
ISN flow observation season. Special pointing maneuvers can only be performed when the Star
Tracker is predicted to operate under optimal conditions. As a result 50% of the 2014 season
contains special pointing orbits with an achieved average spin axis pointing of Z = 4.9°, while the
remaining orbits maintained an average of Z = 0.0°. Consequently, in 2014 IBEX accumulated
interspersed ISN observations with two different Z values. The result of the multiple years of
IBEX spin axis pointing operations is a data set containing three observation groups organized by
Z with the following averages: Z = 0.7° in 2009-2010, Z = 0.0° in 2012-2014, and Z = 4.9° in
2014. This diverse data set allows further testing and development of the analytical model while
producing a more comprehensive analysis of the ISN flow parameters.
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5.2. Analysis of the IBEX-Lo Observations
As described in the previous section, we determine the peak location of the ISN He latitude
distribution at the perihelion of the ISN He trajectories as a function of observer position. The
orbits are organized by Z into three groups with the following Z averages: 0.7° in 2009-2010,
0.0° in 2012-2014, and 4.9° in 2014, such that all orbits are within

±0.2°

of each group average.

Using the expansion of the analytical model, all orbits within each group are normalized as if all
observations were taken at the average Z . This normalization results in small corrections due
to the variation of Z within each group. The perihelion peak locations are collected within each
of the three groups of orbits for a chi-squared minimization relative to the analytical model, by
adjusting the ISN flow longitude (λ∞ ) and latitude (β∞ ) parameters in the model. The λ∞ and
β∞ parameters are found for each of the three groups to examine how Z influences the analytical
model fit.
Figure 5-1 shows the analytical model fit to each of the three groups of orbits organized by
Z with the peak of the ISN flow in latitude as a function of observer location in longitude. The
influence of Z on these curves is noticeable in the difference between the Z = 0.7° and Z = 0.0°
groups, but most substantially for the Z = 4.9° group, which demonstrates the benefit of adjusting
Z in past and future observations. The corresponding ISN flow vector fit results in Table 5.1
show that the λ∞ and β∞ fit parameters are different for each Z group. As a consequence, this
comparison of ISN flow observations with multiple spin axis orientations exposes a dependence on
the spin axis tilt out of the ecliptic plane when using the current implementation of the analytical
model for fitting the ISN flow longitude and latitude. As Z is decreased from 0.7° to 4.9° the
apparent λ∞ decreases from 78.7° to 71.7° and β∞ from 5.0° to 6.0°. The reduced chi-squared value
for the Z = 4.9° data set, which is substantially larger than the expected value close to or below
unity, also demonstrates that the current implementation of the analytical model is not adequate
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for such a large spin axis tilt. Furthermore, since the 2014 observations include orbits with Z =
0.0° and Z = 4.9° we can safely rule out the possibility of such a large change in λ∞ and β∞ when
comparing the Z = 0.0° and Z = 4.9° groups and that these results must be an artifact of the
current analysis method.

Figure 5-1: A comparison of three observation groups (2009-2010, 2012-2014, and 2014) with spin axis tilt
(Z ) averages of 0.7°, 0.0°, and 4.9°, respectively. The data points show the ISN He flow distribution peak
ecliptic latitude at the perihelion of the atoms hyperbolic trajectories for each orbit and the lines are the
analytical model fits.

Z (°)
0.7
0.0
-4.9

χ̃2
0.4
0.9
1.6

λ∞ (°)
80.2 ± 1.8
74.9 ± 1.9
71.3 ± 2.1

β∞ (°)
-4.9 ± 0.3
-5.2 ± 0.3
-6.0 ± 0.5

Table 5.1: Fit results of the three spin axis tilt observation groups
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5.3. Test of the Z Dependence with the Warsaw Test Particle Model
A set of simulated observations was created as described in Bzowski et al. (2012) to test the
spin axis tilt dependency of the resulting ISN flow fit parameters for the current analytical model
implementation. We treat the simulated ISN flow data for the key orbits in 2009 in the same manner
as the IBEX-Lo observations and perform a chi-squared fit of the analytical model by varying the
ISN flow longitude and latitude. Observations with a spacecraft spin axis tilt of Z = 0.7°, 0.0°,
and 4.9° were simulated using the WTPM to best reflect the conditions of the actual IBEX-Lo
observations. In this model, the tilt angle of the spin axis enters naturally into the numerical
scheme and the case of Z = 0° is not preferred or special in any way. Again, a trend between the
fit parameters, ISN flow longitude (λ∞ ) and latitude (β∞ ), and spacecraft Z emerges when fitting
to the simulated data.
In Figure 5-2 the λ∞ , top panel, and β∞ , bottom panel, parameters are displayed for the three
Z values, with the IBEX observations as blue circles and the simulations as red squares. The
input parameters for the WTPM are displayed as the dotted lines in both panels. A similar trend
between the resulting ISN fit parameters and the Z is seen for both the IBEX observations and
the simulations. As Z decreases, from pointing above the ecliptic plane to below the ecliptic, λ∞
decreases to smaller longitudes and β∞ decreases to further negative values. While the reduced chisquared values from fitting the simulations are generally large, likely due to systematic differences
between the two models, the minimum reduced chi-squared is found for the case without spin axis
tilt, Z = 0.0°, which demonstrates that the best fit is found when Z = 0.0°. More importantly,
the only case for which the fit parameters duplicate the simulation input parameters is the case
with Z = 0.0°. This finding agrees with the fact that for spin axis pointing within the ecliptic,
Z = 0.0°, the analytical expression of the ISN flow involves very few approximations and requires
no expansion for the spin axis tilt out of the ecliptic plane (Lee et al. 2012). The comparison
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with the simulations confirms an Z dependence for fitting the analytical model to the IBEX data.
Therefore, the observations considered for the final optimization of the ISN flow parameters with
the current implementation of the analytical model in this study are restricted to minimum Z
magnitude.

Figure 5-2: Results of using the current implementation of the analytical model to fit the WPTM simulations and the observation groups organized by spacecraft spin tilt (Z ). The top panel shows the resulting
ISN flow longitude (λ∞ ) as a function of Z while the bottom panel shows the flow latitude (β∞ ) with the
fit results from Table 5.1 displayed as the blue circles and the results from fitting the WPTM simulations as
the red squares. The dashed lines indicate the WPTM simulation input parameters.
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5.4. ISN Flow Parameters after Restricting IBEX Observations for Spin
Axis Tilt Close to 0°
With six years of IBEX-Lo observations it is possible to create a meaningful data set with
multiple observation positions while restricting the spin axis tilt to the ecliptic plane. When the
IBEX spin axis is in the ecliptic plane, Z = 0.0°, the need to describe the spin tilt with an
approximation vanishes from the current implementation of the analytical model provided that we
use the observations at the time of Sun pointing of the spin axis in ecliptic longitude. We have
created a data set by restricting Z to the ecliptic plane, Z < ±0.07°, and have performed multiple
iterations of a chi-squared minimization with the analytical model. The input parameters in the
fitting routine were adjusted after each iteration until the ISN fit parameters converged. This
resulted in an ISN flow longitude λ∞ = 74.1°

±

1.5° and latitude β∞ = 5.2°

±

0.2°, with 1 sigma

uncertainty. To test the robustness of this fit result the iterated fitting routine was repeated on a
wider selection of data, Z <

±0.2°,

resulting in λ∞ = 75.1°

±

1.8° and β∞ = 5.2°

±

0.3°. Figure

5-3 displays these two selections of observation data along with the resulting fits.
The two data selections have indistinguishable fit results within their uncertainties, verifying
that the result is robust and providing insight on how the fit parameters may be sensitive to the
data selection. Figure 5-4 shows the reduced chi-squared landscape for the fit to the Z ¡

±0.07°

data set as a function of λ∞ and β∞ with the central curve of the parameter tube presented in
McComas et al. (2012). The reduced chi-squared surface is shown to demonstrate that the largest
uncertainty is in the λ∞ parameter, noted by the extended valley in along the λ∞ axis. Also,
the center of the McComas et al. (2012) parameter tube passes the chi-squared minimum within
0.03° in β∞ . We created a final set of ISN parameters, λ∞ = 74.5°

±

1.7° and β∞ = 5.2°

±

0.3°,

through a weighted average of the fit parameters and by combining the uncertainties of these two
data selections, thus utilizing about 35% of the IBEX observations over the past 6 years.
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Figure 5-3: Analytical model fits of IBEX-Lo observations restricted to spin axis tilt of Z < ± 0.07° and
Z < ± 0.2°. The data points show the ISN He flow distribution peak ecliptic latitude at the perihelion of
the atoms hyperbolic trajectories for each orbit and the lines are the analytical model fits.

5.5. Spin Axis Tilt Discussion and Conclusions
Using the current implementation of the analytical model in the analysis of ISN flow observations
with multiple spin axis orientations out of the ecliptic plane (Z ), as shown in Equation (5.4),
exposes a dependence of the resulting parameters on this spin axis tilt. A reduced chi-squared
minimization of the analytical model with the Z = 4.9° observation group indicates that the
current implementation of the analytical model is not adequate for a significant spin axis tilt out
of the ecliptic plane. Furthermore, the alternating spin axis pointing of neighboring orbits in the
2014 season, 50% of the orbits at Z = 0.0° and 50% at Z = 4.9°, eliminates the possibility of
such a large change in the ISN flow longitude (λ∞ ) and latitude (β∞ ) when comparing the Z =
0.0° and Z = 4.9° groups. A comparison of the analytical model with the Warsaw Test Particle
Model simulations for various spin axis orientations shows the best agreement in the case without
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Figure 5-4: Reduced chi-squared surface of the ISN flow longitude (λ∞ ) and latitude (β∞ ) fit parameters
in the analytical model fit to the Z < ± 0.07° data set, which resulted in the most likely parameters of
λ∞ = 74.1° ± 1.5° and β∞ = 5.2° ± 0.2°, indicated by the intersection of the solid lines in the center of
the surface minimum. The long minimum in λ∞ lies along the same narrow tube in 4D parameter space
presented in McComas et al. (2012), red dashed line.

spin axis tilt. The Z = 0.0° fit results in the minimum reduced chi-squared value and matches the
initial conditions of the simulation. This result is reasonable because the analytical model involves
very few approximations and requires no expansion when observing the ISN flow at the perihelion
of the atom trajectories. Meanwhile, we have identified the main reason for the dependence of the
ISN flow parameters on Z as the fact that in the expansion shown in Equation (5.4) the IBEX-Lo
field-of-view has been treated as a delta function centered on the sensor boresight. A term that
describes the integration over the actual collimator function enters the expansion in Z , which is
now being implemented into an updated version of the model for an ongoing analysis of all ISN
flow observations.
In this analysis we have taken advantage of the fact that about 35% of the IBEX ISN flow
observations between 2009 and 2014 have been taken close to Z = 0.0° to obtain an analytical
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model fit to this selected data set. It results in a new parameter set on the previously determined
narrow tube in the 4D parameter space which couples the ISN He flow vector, relative speed, and
temperature, and slides the location of the most probable ISN He flow parameters to λ∞ = 74.5°
±

1.7° and β∞ = 5.2°

±

0.3°. The new ISN flow vector result is compiled along with the previous

results from direct neutral atom observations and the combined result from McComas et al. (2015)
in Table 5.2. The previous ISN flow vector determination from IBEX observations included a range
of possible parameter sets, restricted to the narrow tube in 4D parameter space, with the Ulysses
results at the edge of the parameter range. The new parameter set becomes more similar to the past
results from the Ulysses observations but with the added consequence of a much higher temperature
(Möbius et al. 2015); this has a number of important consequences for the heliospheres interstellar
interaction as discussed by McComas et al. (2015). Also, the new uncertainty range in λ∞ has
been reduced by a factor of 2 when compared with the 2012 IBEX results. We expect that the
uncertainty ranges determined in this study can be further reduced with the inclusion of all IBEX
data with varying Z .
Publication
Witte (2004)
Möbius (2012)
Bzowski (2012)
McComas (2012)
Bzowski (2014)
Wood (2015)
Leonard (2015)
McComas (2015)

vHe (km/s)
26.3 ± 0.4
23.5 +3.0(-2.0)
22.8
23.2 +2.5(-1.9)
26.0 +1.0(-1.5)
26.08 ± 0.21
27.0 +1.4(-1.3)
26

λ∞ (°)
75.4 1 ± 0.5
79.0 +3.0(-3.5)
79.2
79.0 +3.0(-3.5)
75.3 +1.2(-1.1)
75.54 ± 0.19
74.5 ± 1.7
75

β∞ (°)
-5.2 ± 0.2
-4.9 ± 0.2
-5.1
-5.0 +0.2(-0.1)
-6.0 ± 1.0
-5.44 ± 0.24
-5.2 ± 0.3
-5

Spacecraft
Ulysses
IBEX
IBEX
IBEX
Ulysses
Ulysses
IBEX
IBEX

Table 5.2: Compilation of ISN flow vector results (*J2000 coordinates)
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Chapter 6
ISN Flow Analysis Step 3: ISN He Latitude
Distribution Width Analysis Temperature
Determination

In step 2 of the ISN He flow analysis, the peak latitude location is used to find the ISN He flow
direction in ecliptic longitude and latitude at infinity. For each individual time period used in this
analysis, the peak location of the ISN He latitude distribution is found from a fit to a Gaussian
function using the Maximum Likelihood method. The free parameters of this fitting procedure
include the peak location, width, height, and a constant background. The fitting procedure also
includes the convolution of the assumed Gaussian ISN He flow with the instrument function, which
by itself is approximated by a Gaussian, to eliminate the influence of the instrument width on the
resulting ISN He flow width. Step 3 of the ISN He flow analysis uses the velocity relationship found
in step 1, the bulk flow velocity determined in step 2, and the ISN He latitude distribution width
from the Maximum likelihood fitting to determine the temperature of the ISN He flow.
In the study by Möbius et al. (2012), the Mach number of the ISN He flow is determined from
the distribution width and then related to the temperature. Assuming a thermal distribution, the
1/e half-width points of the ISN He latitude distribution are found from the Maximum Likelihood
fit results of the peak latitude and distribution width. These points provide a measurement of the
Mach cone of a particle species, which can be used to compare temperatures of different particle
populations, noting that the Mach cone scales with the square root of the particle mass. For an
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absolute temperature determination, these 1/e half-width points are transformed into the ISN He
distribution at infinity using the same procedure as step 2, with Equations (5.2) and (5.3). The
ISN He distribution width at infinity can be used to derive the Mach number or temperature of
the ISN He flow. The Möbius et al. (2012) study used the observed ISN He latitude distribution
at the location of the peak flux to determine the temperature of the ISN He distribution.
In a later study, Möbius et al. (2015a) used the new analytical model by Lee et al. (2015) to
express the ISN He distribution width as a function of observer position. Rather than using the
ISN He distribution width from the observation of the peak flux, the distribution width observed
throughout the entire season is now used to find the ISN He temperature. While the distribution
peak latitude in step 2 of this 3-step analysis is dependent on the observer longitude and the
IBEX spin axis pointing away from Sun pointing, the distribution width solely depends on the
observer longitude. The observed distribution widths for this analysis are taken from the Maximum
Likelihood fit results in step 2 of this 3-step analysis. Figure 6-1 shows the resulting ISN He
distribution width as a function of observer ecliptic longitude.
In a comparison of four models, Möbius et al. (2015a) found that the models agreed well at the
ecliptic longitude location of the peak ISN flow flux, but the analytical model by Lee et al. (2015)
deviated noticeably from the other models as the observer position moved away from the peak flux.
Since the other three models agreed well with each other, the model from Schwadron et al. (2015)
was used to compare with the observations shown in Figure 6-1. Möbius et al. (2015a) discusses the
comparison of the models with the observations along with describing the systematic effects which
influence the ISN temperature determination, including the data transmission restriction between
IBEX-Lo and the CEU, S/C pointing uncertainties, deflection of ISN trajectories by the Earth,
and contributions from additional signals with wider angular distribution.
The Schwadron et al. (2015) model was used to test how the ISN He temperature determination
is influenced by the range of observer ecliptic longitude with IBEX-Lo observations from 2009-2014.
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Figure 6-1: ISN He flow latitude distribution width from Maximum Likelihood fitting to a Gaussian as a
function of observer ecliptic longitude for the IBEX-Lo observations over the years 2009-2014 (adapted from
Möbius et al. 2015a). The Schwadron et al. (2015) model is used with VISN ∞ = 26 km s−1 to obtain the
displayed ISN He temperature fit results. The solid blue line is the result of a fit to the entire range of data.
Short dashed purple line is a fit to λObs < 140° and long dashed green line for λObs > 140°.

A fit was applied to the entire range of observations (115° ≤ λObs ≥ 160°) for the ISN He flow
analysis along with a fit to (115° ≤ λObs ≥ 140°) and a fit to (140° ≤ λObs ≥ 160°). The inferred
temperature from the lower range of observer ecliptic longitude is about 13% higher than the upper
range of observer positions. The lower observer ecliptic longitude restriction of 115° was applied
to the analysis of the ISN He flow to avoid contamination from the Warm Breeze (Kubiak et al.
2014). Simulating the effect of a wide angular distribution underlying the ISN He flow shows a
similar trend, and thus, Möbius et al. (2015a) concludes that the Warm Breeze likely influences
the lower range of observer positions. This influence is included as a systematic uncertainty and
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Möbius et al. (2015a) reports an ISN He temperature of TISN ∞ = 8710 + 540(-740) K for a flow
longitude at infinity of λISN ∞ = 75° and speed VISN ∞ = 26 km s−1 , which is still 500-800 K higher
than reported from the Ulysses observations. Further analysis of the ISN He temperature requires
an improved understanding of the Warm Breeze properties and incorporation into the temperature
analysis.
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Chapter 7
Conclusions
This dissertation has described a 3-step method to determining the ISN He flow parameters
including the flow velocity, longitude, and latitude at infinity and temperature, shown in Figure
1-2. The unique observation geometry of IBEX provides observations of the ISN He flow near the
perihelion of the particle trajectories and allows the application of an analytical model (Lee et al.
2012). In step 1, the location of the peak ISN He flux at Earth orbit is used to fix the relationship
between the ISN He flow speed and the ecliptic longitude flow direction outside of the heliosphere.
Step 2 uses the Lee et al. (2012) analytical model to duplicate the observed ISN He peak latitude
as a function of observer longitude by adjusting the flow longitude and latitude at infinity. In step
2, the degeneracy of step 1 is broken by the selection of the most probable flow longitude at infinity
and thus fixing the flow velocity. Step 3 describes how the width of the ISN He latitude distribution
is used to determine the Mach number of the flow, which leads to the flow temperature. Improving
our knowledge of the ISN He flow will provide for a better understanding of the heliosphere and
the interaction between the solar wind and the local interstellar medium.
The first step in the ISN He flow analysis used the observed count rate evolution from orbit
to orbit to determine the location of the ISN He flow maximum in ecliptic longitude, which is the
location where the ISN bulk flow is observed by IBEX. According to the analytic model by Lee
et al. (2012) the ISN He bulk flow longitude at Earth orbit fixes the relation between the ecliptic
longitude flow direction at infinity and the speed at infinity such that choosing an ISN He flow
longitude fixes the ISN He flow speed. Compared to the past study by Möbius et al. (2012), this
study has doubled the number of years in the observation dataset to include 2009-2011 and 2013.
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This study has also used an improved understanding of other particle populations, by investigations
including Schwadron et al. (2013) and Kubiak et al. (2014), to further restrict contamination of
the ISN He observations. The result of this study is a similar ISN He flow maximum as found in
Möbius et al. (2012) but with a decreased uncertainty. This measurement of where the ISN He
bulk flow is observed at Earth orbit restricts the ISN He flow speed at infinity to a narrow curve
as a function of ecliptic longitude flow direction.
Step 2 of the ISN He flow analysis used the observed peak of the ISN He latitude distribution
as a function of observer ecliptic longitude in a comparison with an analytical model of the ISN
He flow to break the degeneracy in step 1 and determine the ISN He flow longitude and latitude
at infinity. The latitude distribution was fitted with a Gaussian function using the Maximum
Likelihood method and the resulting peak location was compared with the analytical model from
Lee et al. (2012). Since it was found that the analytical model best represented the observations
when the S/C spin axis was in the ecliptic, the observations used in comparison with the analytical
model were limited to those with a S/C spin axis close to in the ecliptic plane. The improved
understanding of other particle populations, such as the ISN H flow and the Warm Breeze, was
used to restrict contamination of the ISN He observations. The resulting parameter set is on the
same narrow tube in the 4D parameter space from Möbius et al. (2012) which couples the ISN He
flow vector, relative speed, and temperature, and slides the location of the most probable ISN He
flow parameters to λ∞ = 74.5° ± 1.7° and β∞ = -5.2° ± 0.3°.
Step 3 of the ISN He flow analysis describes how the width of the ISN He latitude distribution
can be used to determine the Mach number of the ISN He flow and using the previously determined
ISN He velocity leads to the temperature of the flow. The past study in Möbius et al. (2012) used
the latitude width from only one observation position, the location of the ISN He flow maximum
determined in step 1, but the evolution of the latitude width as a function of observer longitude
can also be used to determine the flow temperature. In the study by Möbius et al. (2015a),
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the analytical model (Lee et al. 2012, 2015) calculations of the latitude width deviated from the
observations with increased observer distance from the location of the ISN He flow maximum.
Therefore, Möbius et al. (2015a) used the model by Schwadron et al. (2015) to obtain the ISN
He temperature and found a deviation in the comparison with the observations likely caused by
the Warm Breeze (Kubiak et al. 2014). Using the width of the ISN He latitude distribution from
the maximum likelihood fits performed in this study, Möbius et al. (2015a) reports an ISN He
temperature of TISN ∞ = 8710 + 540(-740) K for a flow longitude at infinity of λISN ∞ = 75° and
speed VISN ∞ = 26 km s−1 .
The new ISN He flow vector from this study is similar to the past results from the Ulysses
observations (Witte 2004) but with the added consequence of a higher temperature. The reanalysis
of the Ulysses GAS observations (Bzowski et al. 2014; Wood et al. 2015) found an ISN He flow
vector close to the previous Ulysses analysis but with a higher ISN He temperature. The multiple
investigations into the ISN He flow parameters have converged on a common flow vector and the
temperature difference has decreased to 500-800 K (Möbius et al. 2015a). This study has pushed
the use of the current implementation of the analytical model with the 3-step method to its limit,
with results that agree with the global chi-squared minimization of the WTPM and with the full
integration model of Schwadron et al. (2015).
Continued investigation into the Warm Breeze may help bring the ISN He temperature determination into agreement if the influence of the Warm Breeze extends to lower observer ecliptic
longitude in the IBEX observations. An alternate, more precise determination of the ISN flow
longitude has been proposed in Möbius et al. (2015c) from the symmetry of the pickup ion cutoff at 1 AU, which could be used in combination with the 3-step ISN He analysis. The 3-step
ISN He analysis can also be applied to the ISN O flow observed by IBEX-Lo and a comparison
with observations of the secondary O population could provide insight into the deflection of the
interstellar plasma around the heliosphere. The proposed Interstellar Mapping and Acceleration
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Probe (IMAP) mission will have 100 times the combined sensitivity and resolution of IBEX, which
will provide for a more detailed analysis of the ISN flow. The combination of all of the ISN flow
investigations mentioned in this paper, along with a longer database of observations, allow a further
substantial refinement of the ISN parameters.
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Appendix A
IBEX-Lo Observation Data Management
The design of the IBEX mission concentrates on the relatively weak heliospheric neutral signal,
providing the highest resolution data for low count rate observations. The observation of high
count rate sources, such as the ISN flow (Möbius et al. 2009a) and magnetospheric ENAs (Fuselier
et al. 2010; Petrinec et al. 2011), was anticipated, but the presence of a substantial electron flux
through the sensor was a surprise. The IBEX-Lo collimator bias voltages should have helped reduce
the number of electrons and ions entering the sensor but the positive collimator voltage failed to
perform at operational values and thus the negative voltage is kept at a reduced voltage. While the
observation of high count rate sources, ISN flow and magnetosphere, was anticipated, the electron
flux can overwhelm the data throughput between the IBEX-Lo sensor and the CEU.
The highest resolution IBEX-Lo data contains the full information of individual neutral particles
including the observation time, which determines the arrival direction in spin phase to a precision
of 0.04°. This data product would be ideal for the ISN flow analysis but the high count rates can
affect onboard data processing and exceed the onboard event storage capacity. This section covers
several topics in the observation data management onboard IBEX-Lo including the application of
onboard generated histograms for direct event saturation, a description of the transmission of TOF
events between the IBEX-Lo sensor and the CEU, and simulations of the IBEX-Lo TOF double
buffer.
After the original particle entering IBEX-Lo has passed through the two carbon foils, it strikes
the MCP to create the stop signal using a four quadrant anode pattern. Delay lines placed between
the anodes create a delay between the signals from quadrants b0 and b3, which is used to determine
the arrival quadrant (Fuselier et al. 2009b). A schematic of the IBEX-Lo TOF system is displayed
in Figure A-1, where the TOF measurements between the carbon foils and the MCP (TOF0, TOF1,
TOF2) are shown on the left and the delay line TOF3 measurement is shown on the right. The
TOF3 measurement is the most sensitive to electrons entering IBEX-Lo since electrons are poor
producers of secondary electrons at the carbon foils. An example of the TOF3 rates is shown in
Figure A-2 over the same time period used in Figure 3-2.
IBEX-Lo creates several data products in addition to the full information of individual neutral
particles, which will be referred to as direct events. IBEX-Lo creates a 60° resolution histogram for
each TOF section (TOF0, TOF1, TOF2) and an example of how these TOF histograms are used
to remove background signals is shown in Figure 3-2. IBEX-Lo also makes use of a segmented stop
anode to measure a delay line TOF (TOF3), discussed above. In addition, once the direct events
are transferred from IBEX-Lo to the CEU, the triple coincidence H and O events are counted in
6° resolution histograms. The H and O histograms are used to normalize the recorded direct event
rates when the number of direct events exceeds the telemetry allocation.
The observation of peaked, high count rate signals like the interstellar flow, magnetosphere,
and energetic particle events was anticipated during the design of IBEX-Lo. The triple coincidence
H and O 6° resolution histograms are only one step in the anticipation of high count rate signals.
In order to prevent saturating the finite direct event storage buffer before observing a complete
satellite rotation in all energy steps, a 16 event storage limitation is applied to each 6° sector. Once
IBEX-Lo has observed a complete cycle through all energy steps, a maximum of 750 events are
selected from the event storage buffer to be stored in the final data product of direct events. The
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Figure A-1: The IBEX-Lo TOF system represented by a radial cut on the left and a top view of the signal
anodes on the right. All four TOF measurements are labeled with the TOF0, TOF1, and TOF2 shown
between the carbon foils and the MCP in the radial cut while the delay line TOF3 measurement is shown
using the four quadrant anode pattern (adapted from Fuselier 2009b).

relative distribution of events is maintained across all spins within the complete energy step cycle
and linearly scaled to the 750 event total. The event selection process cycles through all 6° sectors
and selects one event per sector giving priority to triple coincidence events. The selection process
will repeat the cycle through all 6° sectors until the 750 event total is achieved or until all events
are stored. Any discarded triple coincidence H and O ENAs will have been recorded in the H and
O histograms, providing the ability to characterize any event saturation on a 6° resolution. For
this analysis of the ISN flow, the observations have been restricted to 6° resolution data that are
corrected for direct event saturation using the histograms.
Now with an understanding of the IBEX-Lo observation data management under optimal conditions, the following will describe event transmission between the IBEX-Lo sensor and the CEU,
which can be overwhelmed during high rate conditions. The collimator bias voltages of IBEX-Lo
were supposed to provide additional protection against electrons and ions. During the beginning of
the IBEX mission, the IBEX-Lo positive collimator voltage could not be brought to operational values, and thus the negative voltage is kept at a low value. As a result, a software modification allows
the CEU to filter the electrons such that they do not produce background. The triple coincidence
system can easily remove these events due to their very short TOFs. However, these electrons contribute to the total traffic between the IBEX-Lo sensor and the CEU and the total computational
load on the CEU. During times when IBEX-Hi observes substantial solar wind related background
(Schwadron et al. 2011) the electron rate increases in IBEX-Lo, reducing the throughput of valid
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ENA events, which in turn results in a noticeable reduction in the ISN flow data. These time
periods can be identified in the IBEX-Lo TOF rates and in the IBEX-Hi background signals. An
example of an event removed from this analysis can be found in Figure 3-2 and the electron rate
can be seen in the TOF3 rates in Figure A-2.

Figure A-2: Orbit 108 IBEX-Lo energy step 2 observations of the three double coincidence TOF rates and
delay line TOF3 rate for each of the 60° angular bins, along with the onboard H histogram rates for the three
6° angular bins containing the peak of the ISN flow distribution. The electron flux is obvious in the TOF3
measurement, which is the most sensitive to incoming electrons since it does not involve the production of
secondary electrons at the carbon foils.

The hardware interface between IBEX-Lo and the CEU has a known transfer time of 1.354
ms for each event, which increases to 2.188 ms for about 1° at the beginning of each 6° bin while
housekeeping is also transmitted. IBEX-Lo uses a double buffer to transfer events from the instrument to the CEU in order to minimize the loss of events during transfers. While an event is
being transferred from the instrument buffer, a second buffer is available to receive an event such
that the instrument is not blinded while transferring, but events will be lost if both buffers are
occupied. When the housekeeping data is transmitted at the beginning of each 6° bin, the event
transmission is slightly delayed as the transmission procedure will interweave the observed events
with housekeeping packets. This event transmission scheme with a double buffer is significantly
different when compared to a single buffer and using a dead time correction. A software simulation
of the IBEX-Lo double buffer was created to test the influence of high count rates and quantify the
event loss.
The IBEX-Lo TOF double buffer simulator consists of two primary components: an event
simulator and the TOF double buffer simulator. The event simulator creates a list of events with
observation times according to a homogeneous Poisson process which is fed into the TOF double
buffer simulator and the processing of the event list is recorded.
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The observation of events is simulated with a homogeneous Poisson process. Given an expected
event rate, the probability to observe a specified number of events within a time period can be
determined.
e−λτ (λτ )k
(A.1)
k!
In Equation (A.1), N (t + τ )N (t) = k is the number of events within the time period (t, t + τ )]
and λ is the event rate. In order to calculate the probability of observing one event, the variable k
is set equal to one and Equation (A.2) is the result.
P [N (t + τ ) − N (t) = k] =

P [N (t + τ ) − N (t) = 1] = e−λτ (λτ )

(A.2)

Using the probability of observing one event for a given event rate within a specified time period
a Monte Carlo method is implemented to determine when an event is observed by comparing the
Poisson probability with a random number. The event simulator time resolution has been set to
10 µs to be sufficiently smaller than the 4.2 ms time resolution of IBEX and the expected time
separation of observed events. Using the spin period of IBEX, the angle of the spacecraft can be
related to time and thus an angle dependent event rate can be used in the event simulator to model
the ISN Flow distribution with background. The result of the event simulator is a list of events
and observation times.

Figure A-3: Simulation results of the IBEX-Lo double buffer. The x-axis displays the event rate before
the double buffer and the y-axis shows the resulting output event rate from the double buffer. The dashed
black line represents a 1:1 ratio between input and output event rates, red line shows the output event rate
while housekeeping is being transferred, blue line shows the output event rate without housekeeping, and
the green line is the overall output event rate of the IBEX-Lo TOF double buffer.

By tracking the transmission time of the observed events along with the occupation status of
the two buffers, a list of transmitted and lost events is created. Figure A-3 displays the double
buffer simulation results with output event rate as a function of input event rate. The dashed black
line indicates a 1:1 ratio between input and output event rates. The red line shows the resulting
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output event rate during time periods when housekeeping is being transferred and the blue line
shows the resulting output event rate without housekeeping. The green line is the overall output
event rate of the IBEX-Lo TOF double buffer.
The event rate through the hardware interface between IBEX-Lo and the CEU can be estimated
from the observed TOF rates and the majority of these events originate from the unanticipated
substantial electron flux. The double buffer simulation results combined with the data selection
routine used in this study show that the event loss is less than %5. Furthermore, the ISN flow
distribution contributes only a small fraction (≤20%) to the total interface traffic which results in
a very small effect on the shape of the distribution (Möbius et al. 2015b). In 2012, the IBEX-Lo
sensor was commanded to only accept events with a recorded TOF2, which is the TOF between
the two carbon foils. This mode change reduced the load across the interface between IBEX-Lo
and the CEU and has resulted in no noticeable influences of this data flow limitation on subsequent
observations.
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Appendix B
Fitting the ISN Flow Distribution Including the
Instrumental FOV
The IBEX-Lo FOV is restricted by a physical collimator consisting of multiple, very thin, identical hexagonal grids stacked in a sequence of separation distances. The hexagon shape maximizes
the collection area while successfully limiting the FOV. The separation sequence prevents particle trajectories passing through neighboring hexagonal channels and, along with the very thin
plate thickness, minimizes particles scattered at the hexagon edges into the FOV (Fuselier et al.
2009b). Since the IBEX-Lo observations are convoluted with the collimator instrument function,
the influence of the collimator must first be removed in order to study the ISN flow distribution.
A Monte Carlo simulation of an isotropic flow of particles entering the IBEX-Lo collimator
shows the solid angle FOV in Figure 15 (Fuselier et al. 2009b). The resulting 3d distribution is
nearly axisymmetric and the radial dependence is shown in Figure 16 along with a curve fitting the
simulated data.

Figure B-1: Collimator transmission function produced by a Monte Carlo simulation of an isotropic flow
of particles entering the IBEX-Lo collimator.

s(ρ) = 1 − 0.16727 × ρ + 5.1133 × 10−5 × ρ4.22155

(B.1)

ρ ≤ 7.43669◦

(B.2)

In order to avoid a numerical integration in the convolution of the instrument function with the
ISN flow distribution, the axisymmetric radial dependence of the collimator is approximated as a
2d-Gaussian distribution. Below, the full 2d integration of the collimator transmission function is
set equal to the integration of a 2d Gaussian and the Gaussian sigma width is found.
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Figure B-2: Axisymmetric radial dependence of the collimator transmission function.
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ρ=0
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ϕ=0

Z

∞

=
x=−∞

∞


 2
x + y2
dxdy
exp −
2σI2
y=−∞

Z

σI = 2.62467

(B.3)

(B.4)

Now that the instrument function is expressed as a Gaussian function, the observed convoluted
distribution function can be constructed for use in the Maximum Likelihood fitting of the observations. The one dimensional instrument function f(x) is a Gaussian distribution which includes
the look direction of the instrument x0 as the latitude angle from the north ecliptic pole, or NEP
angle, and the sigma width I of the collimator instrument function.


−(x − x0 )2
f (x) = exp
(B.5)
2σI2
The source function g(x), ISN flow signal, is assumed to be a Gaussian distribution with a peak
location α in NEP angle, distribution width σ, and peak height A.


−(x − α)2
(B.6)
g(x) = Aexp
2σ 2
Convolution blends two functions, in this case the instrument and source functions, and is
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defined as the integral of the product of the two functions. Since IBEX-Lo views the ISN flow
through the collimator, the observed ISN flow distribution has been modified by the collimator
function.
Z +∞
f (τ )g(t − τ )dτ
(B.7)
(f ∗ g)(t) ≡
−∞

Using a Gaussian function to represent the instrument function and source function makes the
integration straightforward.
s


Z +∞
2π
−(x − α)2
f (x)g(x)dx = AσI σ
(B.8)
exp
σI2 + σ 2
2(σI2 + σ 2 )
−∞
Finally, we add in the background constant B to create the final distribution F (x) we expect
to observe with the ISN flow parameters (α0 , σ, A) and instrument function width σI .
s


2π
−(x − α)2
+B
(B.9)
F (x) = AσI σ
exp
σI2 + σ 2
2(σI2 + σ 2 )
The data used in this study has an angular resolution of 6° which requires integration over the
angular bin width and the result will be the expectation value ci , where the index i represents the
specific 6° bin.
Z

xi+1

F (x)dx






(xi+1 − α) 
(xi − α) 
= AσI σπ erf  q
− erf  q
+ B(xi+1 − xi )

2(σI2 + σ 2 )
2(σI2 + σ 2 ) 
ci =

xi

(B.10)

The Poisson probability for observing n counts given the expectation value c follows below.
cn e−c
n!
The Likelihood function is the product of the probability for each angular bin.
p(n|c) =

L=

N
Y

pi =

i=1

N ni −ci
Y
c e
i=1

ni !

(B.11)

(B.12)

The natural logarithm can be used to transform the likelihood function into a sum which
provides for simpler derivatives when maximizing the likelihood function.
ln(L) =

N
X

[ni ln(ci ) − ci − ln(ni !)]

(B.13)

i=1

The basic form for the first and second derivatives of the likelihood function is the following,
which forms the Hessian matrix.

N 
∂ln(L) X ni
∂ci
=
−1
∂y
ci
∂y
i=1
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(B.14)


N 
∂ 2 ci
∂ 2 ln(L) X
ni ∂ci ∂ci
ni
=
− 2
+ ( − 1)
∂z∂y
ci
∂z∂y
ci ∂z ∂y
i=1

(B.15)

The NAG routine E04LBF utilizes the first and second derivatives of the natural log of the
likelihood function in order to determine the minimum of the natural log of the likelihood function
with a modified Newton algorithm. The estimated standard error of the resulting Maximum Likelihood parameters is found from the inverse square root of the diagonal elements of the Hessian
matrix, the second derivatives of the likelihood function with respect to the parameters.
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Appendix C
IBEX Spacecraft Velocity Aberration
While observing the ISN Flow IBEX has a velocity component perpendicular to the ISN Flow
direction. The velocity of IBEX introduces an aberration in the ISN Flow observations relative to
the Earths rest frame. At the Sun-pointing location, viewing of the ISN flow at its exact perihelion
is only possible if the spacecraft velocity relative to the Earth is very slow. However, because
the IBEX spin axis is oriented toward the Sun near the beginning of each orbit, i.e., only hours
after perigee of the orbit, the key ISN flow observations are made when the spacecraft velocity is
between 2 and 3 km s1 . In addition, the line of apsides points almost at the Sun during the prime
ISN observations, as indicated in Figure C-1, which shows the IBEX orbit for the location where
the ISN flow at perihelion arrives exactly perpendicular to the spin axis (right portion of the figure).
Here, the spacecraft velocity has a substantial component perpendicular to the incoming ISN flow,
thus producing a noticeable aberration. As a result, the appropriate Sun-pointing location for this
analysis is the location where, after aberration, the ISN flow at perihelion arrives perpendicular
to the spin axis and thus enters exactly the center of the FOV (left portion of the figure). This
condition is met at an ecliptic longitude that is lower by the aberration angle. The comparison of
the observed ISN He flow peak latitude with the analytical model is performed after transforming
the observations into the Earth reference frame. This correction shifts the Sun-pointing location
to lower longitudes by the aberration angle.

Figure C-1: Schematic of the velocity aberration introduced into the ISN flow observations due to the S/C
velocity perpendicular to the ISN flow velocity (adapted from Möbius et al. 2012).

An example of how the S/C velocity introduces an aberration in the ISN He flow peak latitude
observations is shown in Figure C-2 for orbit 15. The average S/C velocity is found during each
time interval used in the Maximum Likelihood fitting procedure, which can be seen in the bottom
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panel of Figure C-2. The velocities perpendicular to the ISN flow introduce an aberration in the
latitude peak location and the observer ecliptic longitude position, as displayed in the two center
panels of Figure C-2. Finally, the effect of transforming the observations into the Earth reference
frame is seen in the top panel of Figure C-2 with the raw observations shown as dark green squares
and the corresponding transformed observations shown as light green circles. The analytical model
fitted to transformed observations is shown along with the inferred sun pointing observation.

Figure C-2: The transformation of the ISN He flow peak latitude observations from the S/C reference frame
to the Earth frame, thus removing the influence of the S/C velocity. The S/C velocity for each observation
period is show in the bottom panel and the resulting aberrations are shown in the center two panels, with
observer ecliptic longitude on the x-axis. The observations and transformed observations are shown in the
top panel along with the analytical model fit and sun pointing value.

60

Bibliography
Adams, T. F. & Frisch, P. C. 1977, ApJ, 212, 300
Alexashov D. & Izmodenov V. 2005, A&A, 439, 1171
Axford, W. I. 1972, NASSP, 308, 609
Baranov, V. B. & Malama, Yu. G. 1993, JGR, 98, 15157
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Schwadron, N. A., Möbius, E., Leonard, T., et al. 2015, ApJS, 220, 25
Sokól, J., Kubiak, M. A., Bzowski, M., & Swaczyna, P. 2015, ApJS, 220, 27
Swaczyna, P., Bzowski, M., Kubiak, M. A., et al. 2015, ApJS, 220, 26
Thomas, G. E. 1978, AREPS, 6, 173
Vallerga, J., Lallement, R., Lemoine, M., Dalaudier, F., & McMullin, D. 2004, A&A, 426, 855
Weller, C. S. & Meier, R. R. 1974, ApJ, 193, 471
Witte, M. 2004, A&A, 426, 835
Witte, M., Banaszkiewicz, M., & Rosenbauer, H. 1996, SSRv, 78, 289
Wood, B., Mueller, H.-R., & Witte, M. 2015, ApJ, 801, 62
Zank, G. P. 1999, SSRv, 89, 413
Zank, G. P., Heerikhuisen, J., Wood, B. E. et al. 2013, ApJ, 763, 20
Zank, G. P. & Müller, H.-R. 2003, JGR, 108, 1240
Zank, G. P., Pogorelov, N. V., Heerikhuisen, J., et al. 2009, SSRv, 146, 295
Zieger, B., Opher, M., Schwadron, N. A., McComas, D. J., & Tóth, G. 2013, GeoRL, 40, 2923
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